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but their axons converge upon one or a small number
of spatially-conserved loci, the glomeruli within the ol-
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factory bulb (Ressler et al., 1994; Vassar et al., 1994;Department of Biochemistry and Molecular
Mombaerts et al., 1996). The olfactory bulb thereforeBiophysics and Howard Hughes
provides a two-dimensional map of receptor activationMedical Institute
that may provide a neural code to allow for the discrimi-College of Physicians and Surgeons
nation of olfactory sensory information. This sensoryColumbia University
map is already apparent during late embryogenesis andNew York, New York 10032
matures during an intense period of sensory neuron
genesis and axon outgrowth during the first two weeks
of life (Wang et al., 1998; Royal and Key, 1999). In theSummary
adult mouse, olfactory sensory neurons turn over asyn-
chronously with a half-life of about 90 days (GraziadeiIn the olfactory sensory system, neurons expressing
and Monti Graziadei, 1978; Hinds et al., 1984; Mackay-a given odorant receptor project with precision to two
Sim and Kittel 1991a, 1991b). Regenerating neuronsof 1800 spatially invariant glomeruli creating a topo-
derive from dividing olfactory stem cells, the globosegraphic map within the olfactory bulb. Olfactory sen-
basal cells, that reside at the base of the sensory epithe-sory neurons have a half-life of about 90 days and are
lium (Caggiano et al., 1994). The topographic map ofcontinually renewing. This poses the problem of how
sensory projections in the olfactory bulb remains con-this precise spatial map is maintained throughout the
stant with age despite the continual generation of sen-life of the organism. We have developed a genetic
sory neurons, implying that information necessary forapproach to effect the synchronous ablation of sub-
maintenance of the map persists throughout the life ofpopulations of neurons expressing a given receptor.
the organism.The axons of newly generated neurons can then be
Two broad mechanisms may be considered to explainfollowed as they enter the brain and converge on glo-
the maintenance of a precise topographic map. In onemerular targets during adult life. The observation that
model, guidance mechanisms operative during develop-following neuronal cell killing, the spatial map is faith-
ment persist during adult life to guide the precise place-fully restored, demonstrates that the information nec-
ment of newly generated axons. We have recently dem-essary for the establishment of the sensory map per-
onstrated, for example, that the odorant receptor is likelysists throughout the life of the organism.
to play an instructive role in the targeting process, per-
haps by recognizing cues elaborated by the bulb (WangIntroduction
et al., 1998). Odorant receptor is expressed by regener-
ating sensory neurons at the time of axon targeting andThe precise connections between neurons are essential
may therefore continue to participate in guidancefor translating neuronal activity into meaningful neural
throughout the life of the organism. An alternative modelcodes. Sensory neurons in the periphery project axons
argues that the mechanisms for precise targeting differto the brain to create an internal representation of the
during development and regeneration. It is possible, forexternal world. This representation is often reflected by
example, that newly born neurons no longer recognizea topographic map that may encode the position as well
long range cues in the bulb but rather employ preexisting
as the quality of the sensory stimulus. The establishment
axon tracts established during development as “pio-
of sensory maps occurs during embryogenesis and early
neers” or guides to afford appropriate glomerular tar-
postnatal life and is likely to result from guidance cues geting.
elaborated by central targets that are recognized by Only a small subpopulation of neurons regenerate at
receptors on sensory axons. Olfactory neurons continu- a given moment in time. Experimental approaches have
ally die and new neurons are generated throughout adult therefore been developed to examine the fidelity of tar-
life, yet the spatial map of sensory projections in the geting following the synchronous death of the entire
olfactory bulb remains constant with age. This regenera- population of olfactory neurons. Chemical ablation of
tive capacity affords the possibility of significant plastic- the epithelium or surgical resection of the olfactory nerve
ity but poses the question of how precise connections both result in the synchronous death of greater than
between the periphery and the brain are continually 90% of the olfactory neurons and cause significant de-
maintained to preserve the integrity of the sensory map. formations of the map of sensory projections in the bulb
In mammals, olfactory sensory neurons express only (Schwob et al., 1999; Costanzo, 2000). The olfactory
one of the thousand odorant receptor genes (Chess et nerve has been severed in strains of mice in which neu-
al., 1994; Malnic et al., 1999). Neurons expressing a rons expressing the P2 olfactory receptor also express
given receptor are randomly dispersed within one of the reporter, tau-lacZ (Costanzo, 2000). In these mice,
four broad zones in the olfactory epithelium (Ressler et it is possible to visualize the newly formed connections
of regenerating P2 neurons. Axotomy results in the mis-
targeting of new P2 axons to multiple aberrant glomeruli.* To whom correspondence should be addressed (e-mail: ra27@
columbia.edu). Similarly, treatment of the sensory epithelium with
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methyl bromide results in the failure to regenerate glo- only one of the two alleles. Moreover, deletion or substi-
tutions of the receptor coding region perturbs the pat-meruli in the dorsal regions of the bulb (Schwob et al.,
tern of axonal projections and results in neuronal death.1999). The perturbations in the olfactory sensory map
Cells that express the P2-IRES-rtTA will therefore ex-observed after the interventions may contrast with the
press a P2 receptor along with rtTA.constancy of the map throughout adult life despite con-
We have demonstrated the expression of rtTA in atinual renewal of the sensory epithelium. Each of these
subset of olfactory neurons in these genetically alteredprocedures, however, introduces severe anatomic ab-
strains of mice. Immunocytochemistry to coronal sec-normalities that may alter essential pathways in the re-
tions through the olfactory epithelium using an antibodygeneration process (Verhaagen et al., 1990; Burd, 1993;
against the VP16 activation domain reveals the expres-Schwob et al., 1995). Moreover, complete removal of
sion of rtTA in the nuclei of a small subpopulation ofsensory input may alter gene expression patterns in the
sensory neurons that reside in the most ventral zoneolfactory bulb (Pasterkamp et al., 1998) that may perturb
of the epithelium (Figure 1A). In situ hybridization withaxon targeting.
digoxigenin-labeled RNA probes for either rtTA or theWe have therefore developed a genetic approach to
P2 receptor in adjacent sections reveal a pattern ofeffect the ablation of specific subpopulations of olfac-
rtTA expression that mimics that observed for the P2tory sensory neurons. Gene targeting was employed to
receptor (data not shown). A second mouse was gener-assure that neurons expressing the odorant receptor,
ated by gene targeting in which two genes were insertedP2, also express the tetracycline-dependent transcrip-
into the 39 untranslated DNA flanking the P2 receptortional activator, rtTA (Gossen et al.,1995). These mice
gene. This construct contains two IRES elements, onewere then crossed with animals that maintain a trans-
dictating the translation of rtTA, and a second drivinggene encoding an rtTA-dependent promoter (tet0), driv-
translation of the tau-lacZ reporter (Callahan anding the expression of the A chain of diphtheria toxin
Thomas, 1994). In mice bearing this double IRES con-(Maxwell et al., 1986). Tetracycline administration in-
struct (P2-IRES-rtTA-IRES-tau-lacZ), cells that expressduces the expression of diphtheria toxin, resulting in
P2 receptor coordinately express rtTA in the nucleusthe cell autonomous kill of only the P2 neurons. This
and tau-lacZ in the cytoplasm and neuronal processessystem affords synchronous, temporally controlled ab-
(Figure 1B, and below).lation of specific subpopulations of sensory neurons.
We next asked whether we could observe doxycy-The axons of newly generated neurons can then be
cline-dependent regulation of genes under the controlfollowed as they enter the brain and converge on glomer-
of the tet operator in mice bearing a P2-IRES-rtTA allele.ular targets in the olfactory bulb. We observe that the
In control experiments, mice were generated that harborpattern of projections of P2 neurons that are generated
a DNA transgene in which the tet0 promoter controls theafter synchronous ablation of this population of cells
expression of the bicistronic RNA, Cre recombinase-recapitulates the pattern observed during normal devel-
IRES-tau-lacZ (tet0-Cre-IRES-tau-lacZ). Five founderopment of the sensory map.
mice were established that stably integrated this trans-
gene and these mice were crossed to P2-IRES-rtTAResults
mice. Compound heterozygotes bearing both the P2-
IRES-rtTA and tet0-Cre-IRES-tau-lacZ alleles were fedThe Conditional Expression of Specific Genes
doxycycline for one week post-weaning, and were then
in Subpopulations of Olfactory Neurons examined for the regulated expression of both Cre
We have developed a gene targeting strategy that per- (Sauer and Henderson, 1988) and tau-lacZ. Prior to ad-
mits the conditional ablation of specific subpopulations ministration of doxycycline, the expression of these
of olfactory sensory neurons. We have used gene tar- genes cannot be detected in the olfactory epithelium
geting in ES cells to generate strains of mice in which (Figures 1C and 1E). In two of five founder transgenic
olfactory sensory neurons transcribing a specific recep- lines, administration of inducer for two weeks results
tor also express the tetracycline-dependent transcrip- in the expression of both Cre and tau-lacZ in sensory
tional activator (rtTA). rtTA is a fusion of the Herpes virus neurons in a zonal pattern similar to that observed for
VP16 activation domain with a mutant tet repressor from the expression of the P2 receptor (Figures 1D and 1F).
E. coli. Specific binding of rtTA to the DNA regulatory Whole-mount analysis reveals that the axons from P2-
sequence, tet0, requires the binding of rtTA with tetracy- expressing blue neurons enter the bulb and project to
cline or its derivative, doxycycline. The addition of doxy- one or two neighboring medial and lateral glomeruli in
cycline to cells that constitutively synthesize this trans- both the right and left olfactory bulb. Similar results
activator rapidly induces expression of the genes under are obtained if mice are exposed to inducer by feeding
the control of the tet0 promoter (Gossen et al., 1995). pregnant mothers during gestation. In those mice, ma-
Gene targeting at the P2 receptor locus was employed ternal administration of doxycycline results in the induc-
to introduce an internal ribosome entry site (IRES) direct- tion of Cre and lacZ during embryonic development and
ing translation of the rtTA gene in 39 untranslated DNA perinatal life (Figures 1G and 1H).
flanking the P2 gene (P2-IRES-rtTA). Cells that activate These data demonstrate tight control of expression
P2 gene transcription will now express a bicistronic RNA of the tet0-Cre-IRES-tau-lacZ transgene by doxycycline.
encoding both the P2 receptor and rtTA. As described No expression is detected in the absence of inducer, but
previously (Mombaerts et al., 1996), this bicistronic strat- significant expression is observed following doxycycline
egy was chosen over more traditional gene replacement treatment in a subpopulation of neurons whose pattern
techniques because olfactory sensory neurons express- of expression and pattern of projections to the brain
appears identical to that of P2 neurons in wild-type mice.ing a given receptor transcribe this receptor gene from
Restoration of the Olfactory Topographic Map
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Figure 1. Inducible Expression of Specific
Genes in Subpopulations of Olfactory
Neurons
(A and B) Coronal sections through the olfac-
tory epithelium of a heterozygous P2-IRES-
rtTA and P2-IRES-rtTA-IRES-tau-LacZ mouse
exposed to anti-VP16 (rtTA) antibody (red flu-
orescence, A) or anti-VP16 and antibodies to
b-galactosidase (green fluorescence, B)
(C and D) Coronal sections through the olfac-
tory epithelium of a compound heterozygote
for the P2-IRES-rtTA allele and the tet0-Cre-
IRES-tauLacZ transgene, subjected to anti-
bodies against cre (red fluorescence) and
b-galactosidase (green fluorescence). Olfac-
tory epithelia were dissected before (C) or
after (D) administration of doxycycline in the
food for a week. TOTO-3 was used as a nu-
clear counterstain (blue fluorescence).
(E–H) X-gal staining of whole-mount prepara-
tions of olfactory epithelium and bulb of com-
pound heterozygotes bearing P2-IRES-rtTA
and tet0-Cre-IRES-tau-LacZ alleles; (E and F)
8-week old mice exposed to doxycycline for
one week (F) or never exposed to inducer (E).
(G and H) Mice exposed to doxycycline during
the entire gestational period until post-natal
day 10 (H) or P10 mice never exposed to in-
ducer (G). Note that “blue” neurons are ar-
ranged in the zonal pattern expected for P2
neurons and project to one or two (not shown)
neighboring medial glomeruli in the olfactory
bulb, with no visible stray fibers. In utero in-
duction is detectable as early as embryonic
day 16 (not shown).
The Conditional Ablation of P2 Neurons eggs in an attempt to generate transgenic mice, but no
founders were obtained in these experiments. Since aWe next asked whether we could use this system of
doxycycline-dependent transcriptional activation to con- single molecule of diphtheria toxin is thought to be suffi-
cient to inhibit protein synthesis and cause cell deathditionally express diphtheria toxin A (Maxwell et al.,
1986; Breitman et al., 1987) in P2 neurons. DNA encoding (Yamaizumi et al., 1978), we assumed that low level
transcriptional leakiness of the transgene during em-the tet0 promoter driving a wild-type diphtheria toxin A
gene (tet0-diphtheria toxin A) was injected into fertilized bryogenesis resulted in embryonic lethality. Recent ob-
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Figure 2. The Conditional Ablation of Subpopulation of Olfactory Neurons
(A–H) Coronal sections through the olfactory epithelium of a compound heterozygote bearing a P2-IRES-rtTA allele and a tet0-D/DTA transgene
(line 29.3), before (A, C, E, and G) or after (B, D, F, and H) feeding with doxycycline (for a week), hybridized with digoxigenin-labeled antisense
riboprobes for rtTA (A and B), P2 olfactory receptors (C and D), A16 olfactory receptor (E and F), and olfactory marker protein (OMP) (G and
H). Right panel summarizes the digoxigenin-positive cell counts per coronal section, obtained from three independent experiments (three
doxycycline treated and three control adult mice). A total of z50 sections were scanned for each riboprobe before or after doxycycline
treatment. Doxycycline administration led to the killing of z98% of the rtTA positive cells (p , 0.001) and resulted in a z40% reduction in
the number of P21 cells (p , 0.001) (reflecting a lower than 50% probability of selecting the modified allele). Doxycycline induction did not
affect the number of the A161 cells (p . 0.05). Y-axis values are means 6 SEM. This analysis was performed using a two-way ANOVA.
servations that demonstrate that the injection of a similar We therefore generated transgenic mice in which the
tet0 promoter drives the expression of a partially debili-diphtheria toxin transgene results in a frequency of live
births of only 1.75% supports this argument (Lee et al., tated diphtheria toxin A gene that carries mutations that
diminish the relative efficiency of cell killing (Maxwell et1998). Examination of embryos indeed reveals low level
expression of tet0 reporter genes in 1- and 2-cell em- al., 1987; Breitman et al., 1990). We anticipated that low
level leakage of this debilitated diphtheria toxin trans-bryos.
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gene might not result in cell death and adequate expres- neurons. Inducer was removed and the pattern of pro-
jections of newly generated neurons to the olfactorysion to effect killing would only be observed upon doxy-
bulb was determined. In one experimental strategy,cycline induction.
pregnant mice were fed doxycycline during the entireWe have established five independent founder trans-
mating and gestation period to effect the ablation of P2genic lines which maintain the debilitated diphtheria
neurons during development. At P7, mice were fosteredtoxin under the control of the tet0 operator (tet0-D/DTA).
on doxycycline-free mothers and then weaned in theMice from each of these strains were crossed with ani-
absence of doxycycline to allow for the generation ofmals bearing the P2-IRES-rtTA allele at the P2 locus.
new P2 neurons. Compound heterozygotes harboring aOffspring maintained in the absence of doxycycline were
single P2-IRES-rtTA-IRES-tau-lacZ allele and a tet0-D/genotyped three weeks after birth. Compound heterozy-
DTA transgene were crossed to animals homozygousgotes bearing both P2-IRES-rtTA and tet0-D/DTA are
for the P2-IRES-rtTA-IRES-tau-lacZ allele. Homozy-obtained at the expected ratio. The frequency of rtTA1
gotes and heterozygotes for this modification of thecells in these mice, as determined by in situ hybridiza-
P2 locus that also harbor a tet0-D/DTA transgene weretion, approximates the frequency observed in mice bear-
identified by PCR genotyping of tail DNA on newborning the P2-IRES-rtTA allele alone, suggesting that in the
mice. X-gal staining of whole mounts from P7 mice ex-absence of doxycycline, there is no significant cell killing
posed to inducer reveals the elimination of more than(data not shown). The administration of doxycycline for
95% of the blue P2-expressing neurons in mice eitherseven days resulted in efficient elimination of rtTA-
heterozygous or homozygous for the P2-IRES-rtTA-expressing P2 neurons with the efficacy of cell killing
IRES-tau-lacZ allele (Figures 3B and 3E). A significantranging from 90%–98% in three out of five founder lines
proportion of the remaining X-gal1 cells are likely toas assayed by in situ hybridization using an rtTA probe
represent newly generated neurons that have initiated(Figures 2A and 2B). The tet0-D/DTA line that results in
expression of the modified P2 allele since only rare blue98% killing of P2 neurons was used in all subsequent
axons are visible at the level of the epithelium and bulb.experiments.
Other lacZ1 cells may reflect the rare P2 cell that es-In mice heterozygous for the P2-IRES-rtTA allele, we
caped kill. After doxycycline treatment and ablation ofexpect a 50% reduction in P2 neurons after induction.
the P2 neurons, no convergence to specific glomeruliIn situ hybridization with a P2 receptor probe reveals a
can be observed. These results contrast with the pattern38% reduction in P21 cells following doxycycline admin-
observed in genetically identical mice in the absence ofistration (Figures 2C and 2D). The observation that the
doxycycline, in which a population of P2 neurons in thereduction in P2 cells is not the expected 50% suggests
epithelium extend axons and converge on one or twothat the modified P2-IRES-rtTA allele was chosen less
medial glomeruli in the bulb (Figures 3A and 3D).frequently than the unaltered allele. The only discernible
Mice exposed to doxycycline throughout gestation toeffect of doxycycline on the olfactory epithelium in these
kill the P2 neurons were cross-fostered to doxycycline-mice is a striking 98% reduction in cells expressing
free mothers at P7 to allow for the renewal of the P2the P2-IRES-rtTA allele. The overall number of sensory
population. The pattern of projections of the newly bornneurons, along with the morphology of the epithelium,
P2 neurons was examined after four weeks. Whole-remains unchanged. Moreover, the frequency of cells
mount preparations reveal the regeneration of P2 neu-expressing a second receptor, A16, as well as the pat-
rons whose axons converge in one or two of the P2tern of expression of the olfactory marker protein (OMP;
glomeruli (Figure 3C). The positions of these glomeruliDanciger et al., 1989) is unaltered after doxycycline ad-
in the bulb approximates the sites of convergence ofministration (Figures 2E–2H). The observations that cells
blue P2 neurons in age-matched mice not exposed toin the epithelial zone expressing P2 receptor and D/DTA
doxycycline induction (see below). Similar results were
are otherwise normal indicates that cell killing is likely
obtained for each of six homozygous mice subjected
to be cell autonomous.
to this ablation protocol. In every instance, staining of
whole-mount preparations did not reveal any stray X-gal
Visualizing the Projections of Regenerating positive fibers at other locations in the bulb, after regen-
Olfactory Sensory Neurons eration. It is not always possible to visualize all glomeruli
The ability to conditionally kill P2 neurons permits us to in whole-mount preparations. We therefore examined a
follow the projections of newly generated P2-expressing series of coronal sections along the entire length of the
cells to determine whether the spatial map is faithfully bulb, to confirm that all blue axons project to one or
restored. In mice bearing the P2 IRES-rtTA-IRES-tau- two well-defined glomeruli. Analysis of sections reveals
lacZ allele, it is possible to visualize the projection of that regenerating axons project to one or two discrete
P2 neurons as they converge upon specific glomeruli in glomeruli (Figure 3F) with no evidence of stray fibers in
the olfactory bulb. X-gal staining of whole-mount prepa- any of the mice examined. The formation of a normal
rations in these mice shows that neurons expressing pattern of P2 projections in the face of the ablation of
the P2-IRES-rtTA-IRES-tau-lacZ allele are restricted to the P2 population of cells during embryogenesis and
zone 2 in the epithelium. Axons are observed coursing early postnatal life is observed in mice both homozygous
through the epithelium, traversing the cribriform plate, and heterozygous (not shown) for the P2-IRES-rtTA-
and entering the olfactory bulb, where they converge IRES-tau-lacZ allele.
on one or two medial glomeruli within the olfactory bulb.
Mice homozygous for the P2-IRES-rtTA-IRES-tau- Regeneration after the Sensory Map Has Formed
lacZ allele that also carry the tet0-D/DTA transgene were We have also examined the reformation of a sensory
map following ablation of the P2 neurons in postnataltreated with doxycycline to ablate all P2-expressing
Cell
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Figure 3. Visualizing Projections of Newly Generated Olfactory Sensory Neurons
Representative X-gal stained (12 hr) whole-mount preparations at postnatal day 7 (A and B) or postnatal day 35 (C) followed by neutral red
staining of coronal sections through the X-gal prestained olfactory bulbs (D, E, and F). Tissue was dissected from mice homozygous for the
P2-IRES-rtTA-IRES-tau-LacZ allele and heterozygous for tet0-D/DTA transgene, never exposed to doxycycline (A and D) or after in utero
supplementation of doxycycline during the entire gestational period of the mother up to postnatal day 7 (B and E), and after a four-week-
long period of drug withdrawal by cross-fostering the pups, at postnatal day 7, to doxycycline-free mothers (C and F).
animals after a P2 glomerulus is already formed. Postna- axotomy or chemical treatment (Schwob et al., 1995),
cell-specific ablation does not appear to stimulate prolif-tal ablation of sensory neurons was effected at two
different times. First, mice homozygous for the P2-IRES- eration of sensory neurons. Therefore, the size of the
newly generated glomeruli 1–2 months following abla-rtTA-IRES-tau-lacZ allele that also carry a tet0-D/DTA
transgene were exposed to doxycycline immediately tion is consistently smaller compared to untreated con-
trol glomeruli. These observations result from examina-after birth by feeding their mothers doxycycline. Upon
weaning at P21, the efficiency of ablation of P2 neurons tion of whole-mount preparations stained with X-gal
followed by histologic analysis of coronal sectionswas determined by X-gal staining of whole-mount prep-
arations. Mice were removed from doxycycline at P21 through the olfactory bulb (Figures 4C and 4F) and im-
munohistochemistry with antibodies directed againstand the pattern of projections of P2 neurons was ana-
lyzed after one month on a diet free of inducer. In a lacZ on coronal sections throughout the entire olfactory
bulb (not shown). Similar patterns of convergence weresecond series of experiments, adult mice (4–10 weeks of
age) homozygous for the P2-IRES-rtTA-IRES-tau-lacZ observed for each of six mice exposed to doxycycline
from P0 to P21 and over 20 mice exposed to doxycyclineallele, also carrying a tet0-D/DTA transgene, were fed
doxycycline for three weeks. The inducer was then re- as adults and then fed on drug free diets. In every in-
stance, staining of whole-mount preparations did notmoved from the food for two months and newly gener-
ated P2 neurons were examined. reveal any stray X-gal positive fibers after regeneration.
Analysis of coronal sections revealed that all blue axonsIn both ablation scenarios, exposure to inducer re-
sulted in effective kill with the elimination of greater than project to one or two well-defined glomeruli.
In mice homozygous for the P2-IRES-rtTA-IRES-tau-95% of the P2 neurons (Figures 4A, 4B, 4D, and 4E, and
Figures 5E and 5F). Following removal of inducer, a lacZ allele, induction of diphtheria toxin A results in the
killing of P2 neurons rendering it impossible to markrenewing population of P2 neurons is observed whose
pattern of projections recapitulates the profile of glomer- the normal P2 glomerulus. To more precisely define the
relative position of the glomeruli formed by newly gener-ular convergence that occurs during development. In
each instance, axons from newly generated P2 neurons ated P2 axons in these mice, we examined the relative
position of the M50 and P2 glomeruli in untreated andconverge on one or two medial and lateral glomeruli. It
is worth noting that unlike neuronal ablation following doxycycline-treated mice. Mice homozygous for P2-
Restoration of the Olfactory Topographic Map
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Figure 4. Visualizing Projections of Regenerated Olfactory Sensory Neurons
Representative X-gal stained (12 hr) whole-mount preparations at postnatal week 11 (A and B) or postnatal week 19 (C) followed by neutral
red staining of coronal sections through the prestained olfactory bulbs (D–F). Tissue was dissected from mice homozygous for the P2-IRES-
rtTA-IRES-tau-LacZ allele and heterozygous for the tet0-D/DTA transgene, never exposed to doxycycline (A and D) or after feeding with
doxycycline for approximately three weeks (B and E), and following an eight-week-long period of drug withdrawal (C and F).
IRES-rtTA-IRES-tau-lacZ, also bearing a tet0-D/DTA killing induced by doxycycline. In control experiments,
mice at P21 never exposed to inducer were examinedtransgene, were exposed to doxycycline at birth for
three weeks. The inducer was removed and the relative using two-color immunofluorescence with antibodies to
b-gal and GFP on coronal sections of olfactory bulbs.positions of the P2 and M50 glomeruli were determined
by in situ hybridization to detect the M50 glomerulus Surprisingly, the axons from neurons expressing the P2-
IRES-GFP allele and those from cells expressing the P2-and X-gal staining to identify the P2 glomerulus. In bulbs
from uninduced mice, the glomerular order along the IRES-rtTA-IRES-tau-lacZ allele do not converge on the
same glomerular target, rather the red and green axonsanterior posterior axis is lateral P2 glomerulus ! lateral
M50 glomerulus ! medial P2 glomerulus ! medial M50 segregate from one another and project to adjacent
glomeruli (Figure 6A). We do not understand the mecha-glomerulus. We observe that the relative order and spac-
ing of both medial (Figures 5A–5D) and lateral (not nism for this small shift in projection patterns for the
two alleles. Since the odorant receptor has been demon-shown) P2 and M50 glomeruli are identical following
regeneration in mice whose P2 neuronal population was strated to play an instructive role in the targeting pro-
cess, differences in the level of expression of receptorablated.
We have performed one additional control to more from the two P2 loci might explain these small differ-
ences in targeting.precisely map the sites of convergence of newly gener-
ated P2 axons. We have used gene targeting to generate Mice bearing differentially marked P2 alleles, also
bearing a tet0-D/DTA transgene, were exposed to doxy-compound heterozygotes at the P2 locus, such that
one allele encodes P2-IRES-rtTA- IRES-tau-lacZ and the cycline at birth for three weeks. The inducer was re-
moved and the relative position of the GFP1 and lacZ1second allele consists of P2 followed by an IRES driving
green fluorescent protein (P2-IRES-GFP). The trans- P2 axons were determined four weeks later. The GFP1
fibers have never experienced diphtheria toxin-medi-gene, tet0-D/DTA, encoding tetracycline-dependent de-
bilitated diphtheria toxin was crossed into this com- ated killing and converge upon one ventromedial and
lateral glomerulus. The lacZ1 fibers define axons frompound heterozygote. In these mice, GFP1 axons mark
the projections from P2 neurons never exposed to diph- newly generated P2 neurons following P2 cell killing and
renewal and converge upon an adjacent glomerulus totheria toxin, whereas the tau-lacZ1 neurons reflect a
population of newly generated P2 projections after cell restore a pattern identical to that observed in mice never
Cell
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Figure 6. Two-Color Immunofluorescence in the Olfactory Bulb of
P2-IRES-rtTA-IRES-tau-lacZ/P2-IRES-GFP/tet0-D/DTA Mice
Analysis of the olfactory bulb of compound heterozygotes bearing
P2-IRES-rtTA-IRES-tau-LacZ/ P2-IRES-GFP alleles also bearing the
tet0-D/DTA transgene. Coronal sections through the olfactory bulb
from P21 mice never exposed to doxycycline (A) or exposed to
doxycycline during gestation until weaning at P21 by maternal feed-
ing (B) were subjected to antibody to GFP (green fluorescence) and
antibody to b-galactosidase (red fluorescence). Mice exposed to
doxycycline during gestation up to P21 (C) were then removed from
inducer for 4 weeks to allow regrowth of the P2 axons. TOTO-3 was
used as a nuclear counterstain (blue fluorescence). Note that the
green axons from neurons expressing the P2-IRES-GFP allele and
the red axons from cells expressing the P2-IRES-rtTA-IRES-tau-lacZ
allele segregate from one another and project to adjacent glomeruli.
Discussion
In the olfactory sensory system, a two-dimensional map
is maintained within the brain that identifies which of
the numerous receptors have been activated within the
periphery. Neurons expressing a given receptor project
with precision to 2 of 1800 spatially invariant glomeruli
within the olfactory bulb. The quality of the olfactory
Figure 5. Relative Position of Newly Formed Glomeruli stimulus may therefore be encoded by spatially defined
Analysis of the olfactory bulb of mice homozygous for P2-IRES-rtTA- patterns of glomerular activation. This model, invoking
IRES-tau-LacZ and heterozygous for tet0-D/DTA transgene. Eight- spatial coding of olfactory information, is consistent with
week old mice never exposed to doxycycline (A and B) or following recent imaging studies that reveal that different odor-
an initial exposure to doxycycline by maternal feeding immediately
ants activate distinct combinations of glomeruli in theafter birth until weaning (3 weeks) and withdrawal from the inducer
olfactory bulb (Friedrich and Korsching, 1997; Galizia etfor 5 weeks (C and D). Cell ablation immediately after exposure to
the inducer was confirmed in a subset of these mice. Representative al., 1999; Rubin and Katz, 1999).
whole-mount views of the olfactory epithelia and the bulbs stained The observation that olfactory sensory neurons have a
with X-gal in control untreated (E) and doxycycline treated mice (F). half-life of only 90 days and are continually regenerating
Alternate 20mm sections through the bulb were either hybridized poses the problem of how this precise spatial map is
with a 33[P]-M50 antisense riboprobes (B and D) or stained with
maintained throughout the life of the organism. The spa-X-gal and neutral red (A and C) to determine the relative position
tial map of neuronal projections remains constant withof the newly formed P2 glomerulus. In the experiment shown, the
newly formed and the original medial P2 glomeruli are within 9–16 age despite this continual renewal process, implying
sections (180–320 mm) anterior to medial M50 control glomerulus. that the positional cues that govern target selection per-
sist through adult life. During the normal regenerative
process, the vast majority of sensory neurons in theexposed to inducer and never subjected to synchronous
cell kill (Figures 6B and 6C). Taken together, these data epithelium are mature cells with functional connections
with central targets. In contrast, during early develop-suggest that the integrity of the spatial map, as deter-
mined by the relative position of the P2 glomeruli, is ment, the epithelium consists largely of immature neu-
rons that have not yet formed synaptic connections inrestored after synchronous ablation of P2 olfactory
neurons. the bulb. Thus, a newly generated olfactory neuron faces
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very different environments in the embryo and the adult. other P2 fibers. Similar patterns are observed during
regeneration, suggesting that P2 neurons themselvesUnder normal conditions, the generation of new sensory
neurons in the adult is asynchronous with only 1%–2% do not guide like neurons to the appropriate target. In
this study, we have synchronously ablated 98% of the P2of the neurons regenerating at steady state. It is there-
fore difficult to discern whether the process of target neurons and observe that the newly formed projections
return to location of the original P2 glomeruli. Althoughselection during development also operates to guide
the projections of small numbers of renewing neurons we cannot unequivocally exclude the possibility that the
2% of the fibers resistant to kill serve as guides, thelater in life.
Experimental approaches have therefore been devel- anatomically dispersed character of the small number
of residual P2 neurons in the sensory epithelium renderoped to synchronously ablate the entire population of
sensory neurons. Axotomy and chemical destruction the “pioneer” mechanism unlikely. Moreover, models
that invoke a set of pioneer fibers distinct from the olfac-of the sensory epithelium, for example, result in the
“wholesale” death of olfactory neurons and subsequent tory sensory neurons would be invisible in our analysis.
A second class of models more consistent with ourregeneration. Surgical transection of the olfactory nerve
results in regeneration and aberrant targeting of projec- data invokes the persistent presence of spatially defined
guidance cues elaborated in the bulb that govern thetions from neurons expressing the P2 receptors. The P2
neurons normally project to one or two glomeruli on the precise targeting of axonal projections. Newly gener-
ated P2 neurons target the appropriate glomerulus inmedial and lateral aspect of the bulb, but project to
multiple glomerular targets following axotomy (Cos- the presence of only a very small number of persistent
P2 axons, a situation that is reminiscent of the targetingtanzo, 2000). In accord with disruption of the topo-
graphic map, aspects of associative olfactory learning of P2 axons during development. During normal em-
bryogenesis, P2 axons are detected in the outer nerveestablished prior to axotomy are lost after the olfactory
nerve is cut and regeneration occurs (Koster and Cos- layer of the olfactory bulb by E14.5 (Wang, 1998; Royal
and Key, 1999). This somewhat diffuse collection of fi-tanzo, 1996; Yee and Costanzo, 1995, 1998). Regenera-
tion following axotomy in the adult requires that sensory bers condenses by E17.5 to form a protoglomerulus that
matures into a discrete glomerulus structure at birth.axons establish a new olfactory nerve that must travel
a long distance through an environment distinct from Prior to reaching their target, individual olfactory axons
appear to aim directly toward appropriate glomeruli. Wethat encountered during development. Ablation of only
subsets of neurons does not disrupt the olfactory nerve do not observe diffuse projections that are subsequently
refined by retraction or cell death. The current studyand allows axons to follow an intact migrating path.
Our experiments that genetically ablate only a small suggests that the determinants governing the establish-
ment of an olfactory map in the bulb during developmentsubpopulation of specific neurons reveal no deformation
of the map following innervation. Preservation of the persists throughout the life of the organism and that
target selection during regeneration proceeds via atopographic organization following reestablishment of
synaptic contacts with the olfactory bulb was also ob- process that recapitulates the events of development.
Following genetic ablation, regenerating axons con-served in a recent study that employed a chemical deaf-
ferentation protocol (Cummings et al., 2000). Intranasal verge upon one or two glomeruli with no evidence for
stray fibers at other locations in the bulb. This conclusionirrigation with Triton X-100 was used to lesion the olfac-
tory epithelium of the H-OMP-lacZ-6 mouse strain, must be tempered by the fact that we have not examined
projection patterns at time points earlier than threewhere lacZ expression is limited to a subset of olfactory
neurons that are distributed bilaterally in the olfactory weeks of regeneration. We therefore cannot exclude the
possibility that, at very early times, regenerating axonsepithelium and project to a few glomeruli in the ventro-
medial region of the olfactory bulb. After sufficient re- project broadly and are subsequently refined, a process
not observed during normal development of the olfac-covery time (6–7 weeks) the pattern of b-gal immunore-
active axons in the OB closely resembled that of tory system. Finally, we cannot with certainty generalize
the precision of targeting of regenerating P2 neurons tounlesioned mice.
Two broad mechanisms can be envisioned to explain sensory neurons expressing other receptors. For exam-
ple, mutations in the cyclic nucleotide-responsive ionthe maintenance of a sensory map despite the continual
generation of olfactory neurons. One mechanism in- channel have been shown to differentially affect the pro-
jection patterns of different sensory axons (Zheng et al.,vokes “pioneer” fibers that guide neurons expressing a
given receptor to appropriate glomerular targets. The 2000). The application of our temporally controlled cell
ablation strategy with other odorant receptors will allowsimplest form of this model argues that preexistent P2
fibers, for example, perhaps through homophilic interac- an experimental approach to this problem.
The observation that spatially precise P2 glomerulitions, associate with regenerating P2 projections to as-
sure the restoration of the map. “Pioneer fibers” have reform after ablation and regeneration of P2 neurons in
adults poses the question as to the fate of the P2 glomer-been observed early in the development of zebrafish
olfactory system (Whitlock and Westerfield, 1998), but uli after kill. We cannot at present discern whether the
P2 glomerulus, which is defined by a neuropil of P2direct evidence for a role in axon targeting has been
difficult to obtain. Moreover, later in zebrafish develop- axon termini and their postsynaptic mitral cell dendrites,
rimmed by periglomerular interneurons, is retained asment, directed axon growth is apparent in the absence
of visible pioneers (Whitlock and Westerfield, 1998). In a discrete anatomic structure despite the ablation of
presynaptic input. The observation that sensory axonsthe mouse, individual sensory axons can be observed
coursing toward appropriate glomerular targets in the converge at discrete loci early in development, prior to
the appearance of periglomerular cells (Bulfone et al.,bulb early in development, without fasciculating with
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Generation of Transgenic Mice1998), suggests that the anatomic unit forms around
DNA fragments containing the tet0 promoter followed by an artificialconverging synapses and that elimination of presynaptic
intron and splice site, the cre recombinase-IRES-tau-LacZ or theinput might therefore destroy the glomerular structure,
debilitated diphtheria toxin (D/DTA) cassette, and an SV40 polyade-
which can only reform after regeneration of sensory nylation signal were separated from the vector (pBSNot-pA) by di-
input. gestion at insert-flanking PmeI sites, gel purified, and microinjected
into the pronuclei of fertilized eggs. Tail DNA from resulting mice wasThe observations that synapses can reform with preci-
isolated using standard protocols and analyzed for the transgene bysion in the adult olfactory system has implications for
PCR or Southern blotting. In order to identify responsive founderother renewal processes in the central nervous system.
lines, founder mice were crossbred with P2-IRES-rtTA or P2-IRES-Regeneration in the vertebrate CNS is rare. In fish and
rtTA-IRES-tau-LacZ mice to generate F1 mice. Bigenic F1 mice were
amphibians, transection of the optic nerve in adults does fed with food pellets containing doxycycline (Halsey) at saturating
not cause neural death but results in regeneration of concentration of 3–6 mg/g of food, typically for at least a week, in
order to attain maximum induction. However, in responsive founderaxons and recovery of visual function. Tracing of regen-
lines, X-gal positive P2 cells were evident as early as 12 hr aftererating retinal axons in the fish reveals the restoration
initiation of doxycycline administration or after week-long treatmentof a precise retinotopic map in the tectum (Attardi and
with concentrations as low as 0.3 mg/g of food. All of the transgenicSperry, 1963). Neuronal stem cells capable of renewal
mice used in this study were maintained in strict accordance with
during adult life have been reported in mammals in the NIH and institutional animal care guidelines.
hippocampus and for the precursors of granule cells in
the olfactory bulb (Luskin, 1993; Lois and Alvarez-Buylla,
Immunohistochemistry1994; Luskin et al., 1997; Chiasson et al., 1999; Doetsch
Olfactory turbinates and olfactory bulbs were dissected, cryopro-
et al., 1999; Johansson et al., 1999). The granule cells tected (30% sucrose) and frozen in OCT (Sakura). Twenty microme-
arise from distant precursors within the ventral telen- ters of coronal sections were cut on a cryostat and collected on
Superfrost slides (Fisher). Sections were treated according to stan-cephalon and travel along the rostral migratory stream
dard histochemistry protocols. Slides were fixed in 4% paraformal-to their ultimate target in the olfactory bulb. These obser-
dehyde at 48C and washed three times in PBS1 0.1% Triton X-100 atvations indicate that the guidance cues necessary for
room temperature. Tissue sections were then reacted with primarythe migration of this population of cells in the olfactory
antibodies against b-galactosidase (rabbit, 59 ! 39) at 1:1000 dilu-
system are also maintained throughout the life of the tion, VP16 (rabbit, a gift from Silvia Arber and Tom Jessel) at 1:1000
organism. Clearly, the functional significance of renewal dilution, Cre (mouse monoclonal, Babco) at 1:100 dilution, and GFP
(rabbit, Molecular Probes) at 1:1000 dilution in PBS 1 0.1% Tritonin other brain regions will depend upon the ability of
X-100 1 1% goat or horse serum, at 48C overnight. The boundnewly regenerated cells to form connections to appro-
primary antibody was then visualized using Cy-3 or FITC-conjugatedpriate targets. The observation that olfactory sensory
anti-rabbit IgG (Jackson Laboratories) applied for 2 hr at room tem-neurons are continually generated in the periphery and
perature. TOTO-3 (Molecular Probes) was used as a nuclear counter-
that central synapses can reform with precision to re- stain. Images were acquired using a Bio-Rad confocal microscope.
generate a complex topographic map in the olfactory
may provide insight into the fidelity of synapse formation
X-Gal Stainingafter regeneration in other brain regions.
For whole mounts, tissues were fixed for 30 min on ice with 100
mM phosphate buffer (pH 7.4), 4% paraformaldehyde, washed with
Experimental Procedures
100 mM phosphate buffer (pH 7.4), 2 mM MgCl2, and 5 mM EGTA
(buffer A), once for 5 min at 48C, and once for 5 min at room tempera-
Generation of Targeted Mutations
ture; followed by two washes of 5 min at room temperature with
The IRES-rtTApA(2)/LTNL, IRES-rtTA-IRES-tau-lacZpA(2)/LTNL
100 mM phosphate buffer (pH 7.4) 2 mM MgCl2, 0.01% sodiumand IRES-EGFPpA(2) fragments containing IRES-rtTA, IRES-rtTA-
desoxycholate, and 0.02% Nonidet P40 (buffer B). The blue precipi-
IRES-tau-lacZ and IRES-EGFP (Clontech) with no extraneous poly-
tate was generated by exposure in the dark at 378C to buffer C
adenylation signal [pA(2)], followed by loxP-tk-neo-loxP (LTNL),
(buffer B, with 5 mM potassium-ferricyanide, 5 mM potassium-ferro-
were introduced into a P2 (129/Sv) targeting vector (Mombaerts et
cyanide, and 0.5 mg/ml of X-Gal, GibcoBRL). For sections after
al., 1996; Wang et al., 1998) as PacI restriction fragments. These
whole-mount staining, tissue was cryoprotected (30% sucrose)
constructs were digested at a 39 unique NotI site or two flanking
overnight at 48C and frozen in OCT (Sakura); 20 mm sections were
SalI sites. Thirty-five micrograms of digested plasmid were electro-
cut with a Hacker-Bright cryostat and counterstained with neutral
porated into 3.0 3 106 W9.5 129/Sv ES cells at 800 V and 3 mF with
red after dehydration.
a Bio-Rad Gene Pulser. Cells were cultured on mitomycin C–inacti-
vated primary embryonic fibroblasts derived from neo-resistant
transgenic mice (Gossler et al., 1986). Twenty-four hours later, selec- In Situ Hybridization
tion with 150 mg/ml of G418 was initiated and colonies were picked In situ hybridization was carried out with either a 33P-labeled ribo-
after 7–8 days. Homologous recombinants at a frequency of 20%– probe specific for the coding region of M50 or a digoxigenin-labeled
50% were identified by Southern blotting. Specifically, genomic DNA riboprobe specific for the coding region of rtTA, P2, A16, or OMP,
from neo-resistant ES cell clones was digested with NcoI and hybrid- as described previously in detail (Vassar et al., 1993, 1994).
ized with a 59 external probe as described previously (Wang et
al., 1998). One targeted clone was selected and was subsequently
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